Abstract. Numerical light curve simulations predict flux amplitudes with surface distributions different from the spherical harmonics of the pulsation mode. In contrast to the results of the perturbation analysis by Goldreich and Wu, this is also true for the fundamental period of the flux variation. As a consequence, normalized amplitude spectra depend on pulsation amplitude and inclination. A further difference is the existence of a maximum flux variation at the surface, independent of the amplitude in the adiabatic layers below the convection zone.
INTRODUCTION
Only a few of the g-modes in the period range from 100 s to 1000 s are unstable in ZZ Ceti stars. Therefore the mode identification cannot be achieved using the periods of the unstable modes only. In recent years time-resolved spectroscopy of white dwarfs has become possible and was used to identify the spherical harmonics of the modes. This mode identification technique takes advantage of the wavelength dependence of the limb darkening and different cancellation of the flux variation for different spherical harmonics. This diagnostic technique depends on assumptions about the flux amplitude distribution on the stellar surface. The traditional assumption is that the flux varies with the spherical harmonic of the mode.
On the other hand theoretical calculations of the mode driving can be used to predict mode instability. Today it is widely believed, that convective driving introduced by Brickhill (1983) has the main effect on mode overstability. The work by Wu (1998) , Goldreich & Wu (1999a.b) and Wu and Goldreich (1999) has brought great progress in this field. In contrast to Brickhill, these authors develop a description of convective driving based on a perturbation analysis and confirm many results of Brickhill with an independent method.
The thin convection zone on the surface has also an important effect on the light curves. Brickhill (1992 and earlier) showed in a series of papers that numerical simulations of the light curves can qualitatively reproduce the observed flux variations. We extend his work in this paper and show that the convection zone strongly influences the spatial distribution of surface amplitudes, which for larger variations cannot anymore be described by spherical harmonics. This cannot be neglected in the technique of mode identification by time-resolved spectroscopy.
THE NUMERICAL MODEL
Within their perturbation analysis Goldreich and Wu calculate the local response of the surface flux on a sinusoidal variation of pressure and flux in a layer at the bottom of the convection zone. Due to the distortion by the convective layer, the surface flux is not sinusoidal and can be expended in a Fourier series. Their main result is that the coefficient of the fundamental period depends linearly and that of the first harmonic quadratically on the amplitude below the convection zone. The phases are constant, independent of amplitude. This important result guarantees that the spatial distribution over the stellar surface for the fundamental period is still given by the same spherical harmonic which describes the variation in the deeper layers. This justifies the usual assumptions made in the analysis of time-dependent spectroscopy.
The starting point of our own study is the numerical model of Brickhill. In this model the convective layer is considered as a planeparallel column. The lower boundary of this column lies below the surface convection zone, the upper boundary is directly below the photosphere. The sinusoidal relative pressure variation is assumed to be constant through the whole column, an assumption justified in the work by Brickhill and Goldreich and Wu. The pulsation in the region below the column is assumed to be adiabatic. Consequently, the flux varies sinusoidally and in phase with the pressure variation at the lower boundary. At the photosphere the thermal timescale becomes very short, and the boundary can be adequately described by static model atmospheres.
In the simulation we calculate the transfer of energy and the time-dependent temperature structure numerically in a way similar to Brickhill's work. Some improvements over his work are state-ofthe-art equation of state from Saumon et al.(1995) and OPAL opacity data (Iglesias & Rogers 1996) , and our own model atmosphere grids. We have also reformulated the equations of the model into a system of stiff ordinary differential equations and used a Gear (1971) solver for the integration. This allows us to use significantly better spatial resolution. Our standard assumption for the convection is the mixing length approximation with the ML2/o;=0.6 parameterization following Bergeron et al. (1995) . We have also made some experiments with the Kuhfuss model (Kuhfuss 1986; Wuchterl & Feuchtinger 1998) an alternative model to the mixing length theory, which allows us to estimate effects of time-dependent convection.
NUMERICAL RESULTS FOR A LOCAL COLUMN
In this section we study the reaction of the convection zone and the shape and amplitude of the surface flux variation for a local column.
For small amplitude pulsations with 1 % pressure variation (see upper panel in Fig. 1 ) the photospheric flux (solid line) is shifted in phase relative to the flux of the adiabatic layers (dashed line) and the amplitude is reduced. As shown by Brickhill (1983) , the phase shift and the reduced amplitude is caused by the delay in the heat transfer due to the necessary adjustment of the convective layers to a change in the input flux. If the flux is increased, the depth of the convective layer is shrinking as required by a static envelope solution corresponding to a higher effective temperature. A large amount of heat is necessary to change convective into radiative layers, which has to be supplied by the input flux. Consequently, the photospheric flux follows the input flux with a delay of the order of the thermal timescale of the convective layer. If the input flux varies periodically with a period comparable to the thermal timescale, this delay results in a phase shift and an amplitude reduction. For larger amplitudes, e.g. 5% (lower panel Fig. 1 ) the extent of the the convective zone varies significantly during the pulsation cycle, and it may even become completely radiative shortly after maximum compression. The photospheric flux then follows directly the adiabatic flux variation, causing the steep increase and sharp maxima in the light curves.
Increasing the pressure amplitudes even further (20%), the surface flux variation becomes sinusoidal again, with small amplitudes. In this case, a large fraction of the heat flux is transformed into mechanical energy, and the remaining average flux corresponds to a model with lower (time-averaged) effective temperature and thicker convection zone. The thermal time constant of this convection zone becomes large compared to the pulsation period, resulting in a strong reduction of the flux amplitude. Fig. 2 summarizes this variation of light curves with changing pressure amplitudes.
The appearance of sharp maxima in the light curves implies the appearance of higher harmonics in the Fourier decomposition. demonstrates, how the relative amplitudes of fundamental, first, and second overtone increase with increasing pressure amplitude. For low amplitudes the results confirm the predictions of the perturbation analysis (linear and quadratic dependence for fundamental and first overtone); for amplitudes larger than 5%, however, strong deviations become apparent. Also the phases are no longer constant in this case. 
SURFACE DISTRIBUTION
Up to this point we have only discussed the local reaction of the photospheric flux to an assumed fixed pressure amplitude. In this section we consider the whole surface of the star, assuming that the spatial structure of the pressure perturbation as well as the flux perturbation below the convection zone is described by a spherical harmonic of quantum numbers I and m.
As a first example, we consider the I = 1, m = 0 mode. For small amplitudes -because of the linear dependence of surface amplitudes on pressure variation -the distribution of the surface flux variation follows directly the pressure and is therefore described by the same spherical harmonic. This changes with increasing amplitude: because of the non-linear relation the flux amplitude at the surface does not follow a spherical harmonic. Since also the phases change with amplitude, different latitudes on the surface do not reach maximum flux at the same time. For really large amplitudes the relation is not even monotonic and the absolute maximum of the surface amplitude is not at the poles but at intermediate latitudes. Because of the phase shifts, the maximum is reached first at these latitudes and then propagates with time towards the poles. Fig. 4 shows the three cases (low, intermediate and high amplitudes) approximately at the times of the maximum of the surface integrated light curve.
For an I = 2 mode the change may be even more dramatic: whereas for small amplitudes the maximum amplitudes are at the poles, with a smaller relative maximum at the equator, the situation can be completely reversed at large amplitudes (see Fig. 5 ).
Fig. 4.
Surface distribution of the effective temperature near the maximum of the emergent flux for a I -1 mode and different pressure amplitudes (< 1% left, 5% middle and 20% right). The gray level of the plots are normalized to the maximum T e ff (white) and the minimum T e ff (black) on their surface.
FLUX INTEGRATION
If we want to compare the theoretical surface variation with the observable variation of the total flux, we have to integrate the intensities emitted in our line of sight over the stellar disk. This integration combines the variation of effective temperature on the surface with the variation of intensities with angle against the normal (limb dark- Fig. 4 ening). As long as the results of the perturbation analysis hold, this integration can be performed in a very simple and elegant way by using directly the Fourier coefficients of the local analysis (Goldreich and Wu 1999a,b) . In our case, for arbitrary amplitudes, this is not possible, and the whole analysis has to be done numerically. For each time step the flux and effective temperature is determined for many points on the surface from the calculations of the one-dimensional columns. The average intensity of the disk for the observer viewing the star at inclination % is then obtained from an integration of intensities from the static atmosphere models used as boundary condition before. This results in the total "theoretical" light curve at a specified wavelength. From this light curve, which includes fundamental and all overtones, the variation corresponding to the fundamental alone is then extracted by a Fourier analysis. Although this is numerically extremely demanding, this method has the advantage that no further approximations (e.g. parameterization of limb darkening) are necessary, and that no assumptions on the spatial surface distribution are made.
Examples of integrated light curves for the I -2, m = 0 mode are given in Fig. 6 for a pressure amplitude of 5 % and different inclinations and wavelength ranges (UV, visual, infrared). 6. TIME-RESOLVED SPECTROSCOPY As has been shown by Robinson et al. (1982) , the wavelength dependence of the pulsation amplitude (after normalization at a convenient wavelength) is independent of the inclination and depends on I only. The application of this method (e.g. Robinson et al. 1995; Clemens et al. 1999 ) has resulted in the successful identification of modes in G 117- B15A and G 29-38. If the amplitude of the light variation exceeds about 5 %, the deviation of the surface amplitude distribution from spherical harmonics introduces two new parameters; the amplitude and the inclination of the pulsation axis relative to the line-of-sight. Fig. 7 shows the normalized amplitudes for the continuum for I = 1,2 modes. At small amplitudes (upper panel), the relative amplitudes are independent of inclination (and amplitude), confirming the previous results. However, for the larger amplitudes (lower panel), the rise of the amplitude for / = 2 towards the short wavelengths is much larger for i = 30° than for i = 60°. For I = 1 the effect is negligible.
The same effect is obtained for the fractional amplitudes in the vicinity of the Balmer lines (Fig. 8) . For small amplitudes the result is again independent of amplitude and inclination, whereas for larger amplitudes, the I = 2 results depend on the geometry. Moreover, the I -1 and I = 2 results at inclination 60° are almost identical, making unambiguous mode identification impossible. For large amplitudes (> 5 % in pressure) the numerical approach used in this work leads to results different from the perturbation analysis by Goldreich & Wu. The shapes of the light curves of a local, one-dimensional column are qualitatively similar. A major difference is that the amplitude of the fundamental pulsation at the surface does not follow a linear dependence on the pressure amplitude, but reaches a maximum and then declines again. This has practical consequences for the method of mode identification by time-resolved spectroscopy, since the surface integration of the flux has to be performed numerically, using individual light curves for many surface elements. Our calculations show that this adds more parameters and ambiguity.
Another result of our simulations is the existence of a maximum surface flux amplitude. This is a reaction of the convection zone on a predetermined pressure variation in deeper layers, and should not be confused with the amplitude saturation of the pulsation as studied by (Goldreich and Wu 1999a,b) . While our calculations cannot determine the maximum pressure amplitude that can be reached in a pulsating star, one prediction is that observable flux amplitudes should not exceed 10 %.
The amplitude of the photospheric flux is reduced by the inert reaction of the temperature structure in the convective layer to the changing input flux. The extent of this reduction depends on the thermal timescale of the convection zone. In our model calculations for large amplitudes the mean thermal timescale becomes a function of the pulsation amplitude. This mean timescale increases with growing pressure amplitude in a local column. The maximum amplitude is a consequence of this effect.
